Xp11 translocation renal cell carcinoma (RCC) harbor various TFE3 gene fusions, and are known to underexpress epithelial immunohistochemical (IHC) markers such as cytokeratin and EMA relative to usual adult type RCC; however, their profile in reference to other IHC markers that are differentially expressed in other subtypes of RCC has not been systematically assessed. Few therapeutic targets have been identified in these aggressive cancers. We created 2 tissue microarrays (TMA) containing five 1.4-mm cores from each of 21 Xp11 translocation RCC (all confirmed by TFE3 IHC, 6 further confirmed by genetics), 7 clear cell RCC (CCRCC), and 6 papillary RCC (PRCC). These TMA were labeled for a panel of IHC markers. In contrast to earlier published data, Xp11 translocation RCC frequently expressed renal transcription factors PAX8 (16/21 cases) and PAX2 (14/21 cases), whereas only 1 of 21 cases focally expressed MiTF and only 5 of 21 overexpressed p21. Although experimental data suggest otherwise, Xp11 translocation RCC did not express WT-1 (0/21 cases). Although 24% of Xp11 translocation RCC expressed HIF-1a (like CCRCC), unlike CCRCC CA IX expression was characteristically only focal (mean 6% cell labeling) in Xp11 translocation RCC. Other markers preferentially expressed in CCRCC or PRCC, such as HIG-2, claudin 7, and EpCAM, yielded inconsistent results in Xp11 translocation RCC. Xp11 translocation RCC infrequently expressed Ksp-cadherin (3/21 cases) and c-kit (0/21 cases), markers frequently expressed in chromophobe RCC. Using an H-score that is the product of intensity and percentage labeling, Xp11 translocation RCC expressed higher levels of phosphorylated S6, a measure of mTOR pathway activation (mean H score = 88), than did CCRCC (mean H score = 54) or PRCC (mean H score = 44). In conclusion, in contrast to prior reports, Xp11 translocation RCC usually express PAX2 and PAX8 but do not usually express MiTF. Although they may express HIF-1a, they only focally express the downstream target CA IX. They inconsistently express markers associated with other RCC subtypes, further highlighting the lack of specificity of the latter markers. TFE3 and Cathepsin K remain the most sensitive and specific markers of these neoplasms. Elevated expression of phosphorylated S6 in Xp11 translocation RCC suggests the mTOR pathway as an attractive potential therapeutic target for these neoplasms.
Abstract: Xp11 translocation renal cell carcinoma (RCC) harbor various TFE3 gene fusions, and are known to underexpress epithelial immunohistochemical (IHC) markers such as cytokeratin and EMA relative to usual adult type RCC; however, their profile in reference to other IHC markers that are differentially expressed in other subtypes of RCC has not been systematically assessed. Few therapeutic targets have been identified in these aggressive cancers. We created 2 tissue microarrays (TMA) containing five 1.4-mm cores from each of 21 Xp11 translocation RCC (all confirmed by TFE3 IHC, 6 further confirmed by genetics), 7 clear cell RCC (CCRCC), and 6 papillary RCC (PRCC). These TMA were labeled for a panel of IHC markers. In contrast to earlier published data, Xp11 translocation RCC frequently expressed renal transcription factors PAX8 (16/21 cases) and PAX2 (14/21 cases), whereas only 1 of 21 cases focally expressed MiTF and only 5 of 21 overexpressed p21. Although experimental data suggest otherwise, Xp11 translocation RCC did not express WT-1 (0/21 cases). Although 24% of Xp11 translocation RCC expressed HIF-1a (like CCRCC), unlike CCRCC CA IX expression was characteristically only focal (mean 6% cell labeling) in Xp11 translocation RCC. Other markers preferentially expressed in CCRCC or PRCC, such as HIG-2, claudin 7, and EpCAM, yielded inconsistent results in Xp11 translocation RCC. Xp11 translocation RCC infrequently expressed Ksp-cadherin (3/21 cases) and c-kit (0/21 cases), markers frequently expressed in chromophobe RCC. Using an H-score that is the product of intensity and percentage labeling, Xp11 translocation RCC expressed higher levels of phosphorylated S6, a measure of mTOR pathway activation (mean H score = 88), than did CCRCC (mean H score = 54) or PRCC (mean H score = 44). In conclusion, in contrast to prior reports, Xp11 translocation RCC usually express PAX2 and PAX8 but do not usually express MiTF. Although they may express HIF-1a, they only focally express the downstream target CA IX. They inconsistently express markers associated with other RCC subtypes, further highlighting the lack of specificity of the latter markers. TFE3 and Cathepsin K remain the most sensitive and specific markers of these neoplasms. Elevated expression of phosphorylated S6 in Xp11 translocation RCC suggests the mTOR pathway as an attractive potential therapeutic target for these neoplasms. X p11 translocation renal cell carcinomas (RCC) are a recently recognized subset of RCC, characterized by chromosome translocations involving the Xp11.2 breakpoint and resulting in gene fusions involving the TFE3 transcription factor gene that maps to this locus. 3 Genes shown earlier to be fused to TFE3 in these neoplasms include ASPL, PRCC, PSF, NONO, and clathrin heavy chain (CLTC). 1, 2, 5, 6, 12 Xp11 translocation RCC represents the most common type of RCC in children, but is less frequent on a percentage basis in adults. 7, 20 Morphologically, these neoplasms frequently show papillary architecture and clear cytoplasm, and frequently have associated psammoma bodies. By immunohistochemistry, these neoplasms underexpress epithelial markers such cytokeratin and epithelial membrane antigen (EMA) compared with typical adult type RCC. Recently, Xp11 translocation RCC have been shown to frequently express Cathepsin K, a protease frequently expressed in perivascular epithelioid cell neoplasms (PEComas) but not expressed in adult type RCC. 25 The most sensitive and specific immunohistochemical marker for the Xp11 translocation RCC is nuclear labeling for TFE3 protein, which reflects overexpression of the resulting fusion proteins relative to native TFE3. 5 The prognosis of the Xp11 translocation RCC is not clear, but cases that present at advanced stage owing to hematogenous metastasis are associated with a poor prognosis. 7, 28 Few therapeutic targets have been identified thus far in these neoplasms.
In the past few years, several novel markers of RCC have been described. These include tissue-specific transcription factors such PAX2 and PAX8, 13, 26, 29, 30 along with cytoplasmic differentiation markers such as hypoxiainducible protein 2 (HIG2) 34 and carbonic anhydrase 9 (CA IX). 15, 33 Some of these markers have been shown to differentially label the common adult subtypes of renal cell carcinoma, which are clear cell, papillary, and chromophobe RCC. Xp11 translocation RCC have been infrequently been analyzed with these markers, and when they have the results reported have often been different for our experience.
In this study, we formally analyze a series of 21 Xp11 translocation RCC using tissue microarrays (TMA) for a set of immunohistochemical markers recently described for RCC diagnosis or subclassification. We provide an extended immunohistochemical profile of Xp11 translocation RCC, and identify potential therapeutic targets.
MATERIALS AND METHODS

Institutional Review Board Approval
This study was approved by the Institutional Review Board of The Johns Hopkins Hospital.
Tissue Microarrays (TMAs)
We created 2 tissue microarrays (TMA) that harbored 21 different Xp11 translocation RCC, all of which were confirmed by TFE3 immunohistochemistry, with 6 further confirmed by genetics. The latter included 3 PSF-TFE3 RCC, 2 PRCC-TFE3 RCC, and one RCC with a t(X;3)(p11;q23) chromosome translocation. 7 As a comparison group and control for labeling, we also included 7 clear cell RCC (CCRCC) and 6 papillary RCC (PRCC) on these TMA. Each TMA contain five 1.4-mm diameter cores from each neoplasm, to account for potential heterogeneity of labeling by the immunohistochemical markers.
Immunohistochemistry Methods
Immunohistochemical labeling was done on the Benchmark XT autostainer (Ventana Medical Systems Inc, Tucson, AZ) using I-View detection kit. The standard antibodies used, vendors, pretreatments, and dilutions were as follows: MiTF (Dako, steam, 1:50), PAX2 (Zymed, catalog#71 to 6000, steam, 1:100), PAX8 (ProteinTech Group, Chicago, IL; steam, 1:100), CA IX (Novacastra NCL-L-CAIX, steam, 1:100), HIG2 (Novacastra, steam, 1:200), Napsin A (Novacastra NCL-L-naps, steam, 1:800), EpCAM (Santa Cruz, sc-25308, steam, 1:200), Ksp cadherin (Invitrogen, San Francisco, CA, steam, 1:100), WT-1 (Santa Cruz, C-19, catalog SC-192, steam, 1:100), Bcl2 (Ventana, catalog#760 to 2693, steam, prediluted), CD117 (Cell Marque CMA768, steam, prediluted) and Estrogen Receptor (Novacastra, 6F11, 1 mg/mL). For HIF-1a, we used the antibody from Novus Biologicals, Littleton, Colorado, (1:1600) using the technique of Tickoo et al. 33 For Claudin 7, after a 20-minute pretreatment in citrate buffer we used the antibody from Zymed (318-7378) at 1:100 dilution for 45 minutes, followed by the Dako Polyclonal Envision+secondary for 30 minutes. For Phosphorylated S6, after a 50-minute steam pretreatment in EDTA buffer, we used the antibody from Cell Signaling (#2215) at 1:200 dilution overnight at 41C, followed by the Dako Polyclonal Envision+ secondary for 30 minutes.
Immunohistochemistry Scoring
For MiTF, PAX2, PAX8, and p21, the percentage of neoplastic cells demonstrating nuclear labeling was recorded, and any labeling was considered a positive result. For Ksp-cadherin, EpCAM, and claudin 7, the percentage of neoplastic cells showing membranous labeling, and whether it was complete or incomplete, was recorded, and any labeling was considered a positive result. For CD117, Napsin A, HIG2, Bcl2, and CA IX, the percentage of neoplastic cells showing cytoplasmic or membranous labeling was recorded, and any labeling was considered a positive result.
For phosphorylated S6, an H score (scale 0 to 300) was calculated for each case based upon the product of the percentage of cells showing cytoplasmic labeling (0 to 100) multiplied by the intensity of labeling (1 = weak; 2 = moderate; 3 = strong). For HIF-1a, the percentage of neoplastic cells showing nuclear labeling was recorded. As described by Tickoo et al, 33 cases with 1% to 25% labeling were scored as 1+, 26% to 50% labeling were scored as 2+, and >50% labeling were scored as 3+ (diffusely positive).
RESULTS
Transcription Factors: PAX2/PAX8 and MiTF PAX2 and PAX8 are lineage restricted transcription factors that are known to be expressed in the renal and Mu¨llerian systems, 13, 26, 29, 30, 35 and have been found to be expressed in most clear cell and papillary RCC. We found that 14 of 21 Xp11 translocation RCC showed nuclear labeling for PAX2, whereas 16 of 21 showed nuclear labeling for PAX8. In these cases, labeling was consistently strong, and was seen in a significant proportion of neoplastic cells (mean for PAX2, 45%: mean for PAX8, 58%). As expected, most clear cell and papillary RCC labeled strongly for PAX2 and PAX8 (Table 1) . MiTF, a transcription factor that is commonly expressed in melanocytes and their corresponding neoplasms, is in the same subfamily of transcription factors as TFE3 and TFEB and forms heterodimers with them. Only 1 of 21 cases of Xp11 translocation RCC labeled for MiTF; in this case, the labeling was in 5% of neoplastic cells, and of moderate intensity ( Fig. 1 ). As expected, all clear cell and papillary RCC were negative for MiTF.
HIF 1-a/CA IX Pathway
The HIF 1-a/CA IX pathway is aberrantly activated in clear cell RCC. In clear cell RCC, inactivation of the vHL gene allows HIF 1-a to escape degradation, which leads to activation of downstream targets such as vascular endothelial growth factor (VEGF), GLUT-1, and CA IX. 14, 33 Expression of HIF 1-a and CA IX is typically diffuse in clear cell RCC, and focal in other subtypes of RCC. In the latter, expression is mainly associated with areas of necrosis and thus is likely secondary to focal hypoxia. 14, 33 We found that only a mean of 5.7% of Xp11 translocation RCC tumor cells labeled for CA IX. By comparison, 100% of clear cell RCC cells labeled for CA IX, while only 1.8% of papillary RCC cells labeled for CA IX, which is consistent with the above published literature. 14, 33 In an individual case, labeling for CA IX in Xp11 translocation RCC was typically focal and centered around areas of necrosis. Although CA IX labeling was minimal in Xp11 translocation RCC, 5 of 21 (24%) were diffusely (3+) positive for HIF-1a, whereas 9 others showed focal (1+) labeling. By comparison, none of the 6 papillary RCC labeled for HIF-1a, while 3 of 7 (42%) clear cell RCC were diffusely (3+) positive for HIF-1a and 1 other showed focal (1+) labeling (Fig. 2) , again consistent with the published literature. 14, 33 
Clear Cell and Papillary RCC Markers
The labeling pattern of Xp11 translocation RCC for markers differentially expressed in clear cell or papillary RCC was not distinctive. For example, Hypoxia-inducible protein 2 (HIG2) is a novel marker of RCC identified by gene expression profiling. HIG2 has been found to be expressed in fetal kidney and RCC, and is secreted into the plasma of patients with RCC; thus, it is a promising diagnostic and screening marker. 34 HIG2 labeling was found in a mean of 42% of cells of Xp11 translocation RCC, closer to the 61% mean for clear cell RCC than the 11% mean for papillary RCC. Napsin A is an aspartic proteinase normally expressed in type 2 pneumocytes and alveolar macrophages along with renal convoluted tubules. Napsin A has been found to be expressed more frequently in papillary than clear cell RCC. 9 A mean of only 10% of Xp11 translocation RCC cells labeled for Napsin A, similar to the mean of 8.5% of cells in clear cell RCC and much less than the mean of 31% of cells in papillary RCC (Fig. 3) . Epithelial Cell Adhesion Molecule (EpCAM) is a cell adhesion molecule expressed in a variety of carcinomas that has drawn great interest as a potential therapeutic target, as humanized anti-EpCAM antibodies are now in clinical trials. 36 EpCAM has been shown to be more frequently expressed in papillary RCC than clear cell RCC. 38 Nine of 21 cases (43%) of Xp11 translocation RCC labeled for EpCAM, compared with 100% of papillary RCC and 28% of clear cell RCC.
Chromophobe RCC Markers: Claudin 7, CD117 and Ksp-cadherin
Claudin 7 is a tight junction protein which is preferentially expressed in chromophobe RCC relative to clear cell or papillary RCC. 11, 17 Seven of 21 cases of Xp11 translocation RCC (33%) labeled focally for claudin 7, more prominently in papillary areas. In comparison, 14% of clear cell RCC labeled for claudin 7, whereas all papillary RCC labeled for claudin 7. However, in all cases, membranous labeling for claudin 7 was incomplete. Ksp-cadherin is normally expressed in distal nephron epithelium, and is typically diffusely expressed in chromophobe RCC and is negative or only focally positive in clear cell or papillary RCC. Kuehn et al reported that 1 of 4 Xp11 translocation RCC labeled diffusely for Ksp-cadherin. 21 Xp11 translocation RCC infrequently expressed Ksp-cadherin (3 of 21 cases, 14%), and the cases that did showed incomplete membranous labeling in a mean of 40% of cells ( Fig. 3 ). All clear cell and papillary RCC were negative for Ksp-cadherin. CD117 expression has been shown to distinguish chromophobe RCC from clear cell RCC. 37 None of the Xp11 translocation RCC, clear cell RCC and papillary RCC expressed CD117. 
Phosphorylated S6
Immunoreactivity for phosphorylated S6 represents a measure of activation of the mammalian target of rapamycin (mTOR) pathway that promotes cell growth, is highly active in many RCC, and can be targeted for therapy. 31 The mean H-score for labeling with phosphorylated S6 (pS6) was 88 for the Xp11 translocation RCC, slightly higher than H score of 54 for clear cell RCC and 44 for papillary RCC (Fig. 4) . On a percentage basis, the mean percentage of labeling of Xp11 translocation RCC was 32.6%, compared with 23% for clear cell RCC and 17% for papillary RCC.
Other Markers
P21 is a cell-cycle checkpoint protein that has recently been reported to be diffusely expressed in 2 Xp11 translocation RCC. 8, 16 Sixteen of 21 cases of Xp11 translocation RCC were completely negative for p21, one expressed p21 in 10% of neoplastic cells, whereas 4 expressed p21 in 30% of neoplastic cells. All cases were completely negative for the WT-1 gene product, a target of the TFE3 transcription factor in vitro. 18 Only 5 of 21 Xp11 translocation RCC cases were focally immunoreactive for the anti-apoptotic protein Bcl2, which is a target of the related transcription factor MiTF in melanoma and known to be expressed in clear cell RCC. 19, 24, 27 Finally, the involvement of the X chromosome in the chromosomal translocation of the Xp11 translocation RCC, along with a reported bias toward female patients in some studies, 7 suggests the possibility of hormonal influence. However, all cases of Xp11 translocation RCC were negative for estrogen receptor.
Summary of Results
The IHC data for this study is summarized in Table 1 . For markers that were frequently completely negative (ie, p21), we calculated the mean labeling of the positive cases. For other markers that were infrequently negative (ie, pS6), we calculated the mean labeling of the total number of cases. The individual scores for each Xp11 translocation RCC are presented in Table 2 . 
DISCUSSION
We have extended the known immunohistochemical profile of Xp11 translocation RCC by applying a panel of biomarkers to a series of well-established Xp11 translocation RCC. To our knowledge, this is the first study of this kind on Xp11 translocation RCC. Our results confirm some prior observations regarding these neoplasms, yet refute several others. The frequent labeling for PAX2 and PAX8 in the Xp11 translocation RCC supports renal tubular differentiation in these frequently cytokeratin-negative neoplasms. It also validates the use of this marker in setting of metastatic disease, which is often the mode of presentation of Xp11 translocation RCC. Although PAX8 labeling has, to our knowledge, not been earlier studied in Xp11 translocation RCC, our results conflict with that of Gupta et al, 15 who reported no immunoreactivity for PAX2 in 15 Xp11 translocation RCC. The reason for this difference are not clear, though it could potential reflect differences in case selection. Gupta et al relied entirely on upon their interpretation of TFE3 immunohistochemistry (methodology not provided) to classify their tumors as Xp11 translocation RCC; in contrast, 6 of our immunohistochemically confirmed cases, including those that were positive for PAX2/ PAX8, were also molecularly confirmed. Moreover, our cases were all strongly positive for TFE3 using our previously validated methodology. 5 Regarding MiTF, we found less frequent labeling than did Ramphal et al, 32 who found that 3 of 4 genetically confirmed Xp11 translocation RCC expressed MiTF. On the basis of the results of the Ramphal et al study, one could hypothesize that MiTF is secondarily upregulated in some of these neoplasms by the TFE3 fusion proteins; because it is known that all members of the MiTF/TFE transcription factor subfamily bind to each other, overexpressed TFE3 fusion proteins could in theory compensatorily increase the levels of the MITF to which they bind. However, that upregulation of TFE3, TFEC, or MiTF has not been showed in the related t(6;11) RCC with TFEB gene fusions, 4, 22 so this mechanism lacks a precedent. Our results of infrequent MiTF expression in Xp11 translocation RCC are more consistent with the latter data.
Regarding the HIF-1a/CA IX pathway, we found only focal labeling in a small percentage of Xp11 RCC for CA IX. The cells which labeled (mean 5.7% in these cases) were typically clustered around areas of necrosis, as it is typical of non clear cell RCC. These results are concordant with those reported by Gupta et al 15 using this marker; they found focal labeling for CA IX in 40% of Xp11 translocation RCC. Hence, we believe that difuse labeling for CA IX is helpful in distinguishing clear cell RCC from Xp11 translocation RCC. In contrast, a subset of Xp11 translocation RCC (24%) showed strong nuclear labeling for HIF-1a, similar to clear cell RCC. As CA IX is a downstream target HIF-1a´in clear cell RCC, one wonders if this pathway is somehow disrupted in the Xp11 RCC. No prior study has analyzed HIF-1a expression in Xp11 translocation RCC.
Regarding the markers expressed in clear cell and papillary RCC, we did not identify a specific pattern of labeling that distinguishes Xp11 translocation RCC from conventional clear cell or papillary RCC. Xp11 translocation RCC labeled more similarly to clear cell RCC than papillary RCC for markers in this study such as HIG2, EpCAM, Napsin A and Claudin 7. However, prior studies from our group and others 10, 23 have showed that a-methylacyl-coenzyme A racemase, which is preferentially expressed in papillary RCC compared with clear cell RCC, is consistently expressed in Xp11 translocation RCC. This result highlights the importance of cytogenetics, molecular diagnostics and specific immunohistohemical markers (TFE3, Cathepsin K) relative to standard RCC marker immunohistochemistry in the diagnosis of the Xp11 translocation RCC.
Several of the other miscellaneous markers tested have earlier been implicated in Xp11 translocation RCC. For example, Ho¨cker-Mu¨ller et al 16 and Barroca et al 8 recently reported 2 Xp11 translocation RCC with difuse p21 protein overexpression. In contrast, in our larger series, we found only focal expression of p21 in a minority of Xp11 translocation RCC. Contrary to what in vitro studies might suggest, WT-1 and Bcl2 were infrequently expressed in Xp11 translocation RCC, despite the fact that the related transcription factor MiTF is known to induce BcL2 expression in osteoclasts and melanoma cells 27 whereas over expression TFE3 or TFEB in NIH 3T3 cells are known to activate WT-1. 18 Finally, our identification of expression of phosphorylated S6 in Xp11 translocation RCC, at levels slightly higher than those seen conventional RCC, suggests that targeting the mTOR pathway may be an effective way to treat the Xp11 translocation RCC. Further studies in this area are clearly warranted. 1  70  70  0  0  0  10  0  0  0  0  240  30  30  0  0  0  2  2 0  2 0 m  0  20  5  60  10  5 i  20 i  0  2 0  0  0  0  0  0  3  90  100  5 
